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We report unusual magnetization switching processes and angular-dependent exchange bias effects in fully
epitaxial Co;FeN/MnN bilayers, where magnetocrystalline anisotropy and exchange coupling compete, probed
by longitudinal and transverse magneto-optic Kerr effect (MOKE) magnetometry. The MOKE loops show
multistep jumps corresponding to the nucleation and propagation of 90° domain walls in as-grown bilayers. By
inducing exchange coupling, we confirm changes of the magnetization switching process due to the unidirectional
anisotropy field of the exchange coupling. Taking into account the experimentally obtained values of the
fourfold magnetocrystalline anisotropy, the unidirectional anisotropy field, the exchange-coupling constant, and
the uniaxial anisotropy including its direction, the calculated angular-dependent exchange bias reproduces the
experimental results. These results demonstrate the essential role of the competition between magnetocrystalline
anisotropy and exchange coupling for understanding and tailoring exchange-coupling phenomena usable for
engineering switching in fully epitaxial bilayers made of tailored materials.
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I. INTRODUCTION

Thin epitaxial magnetic films are known to exhibit unusual
magnetization switching processes resulting from competing
anisotropies. Such unusual magnetization switching processes
have frequently been observed due to the competition between
fourfold magnetocrystalline anisotropy and additional uniaxial
or unidirectional anisotropies resulting in multistep hysteresis
loops [1-5]. The model adapted for explaining the unusual
magnetization process has so far been based on total energy
minimization and has assumed 90° domain wall nucleation
and propagation [1,3]. Up to now, there have been several
reports regarding unusual magnetization switching processes
in systems where the magnetocrystalline anisotropy competes
with an additional uniaxial anisotropy, such as an exchange-
coupling-induced anisotropy [3,5-7], as well as uniaxial
anisotropy induced by oblique growth [1,2]. Since uniaxial
anisotropy induced by oblique growth is static and cannot
be manipulated after growth, using exchange bias is a more
exciting approach, which can be set and erased again even after
film deposition and thus allows for tailoring and flexible ma-
nipulation of the switching. However, the effects of exchange
coupling competing with magnetocrystalline anisotropies on
the shape of the hysteresis loops have only been discussed for
the case of Fe on IrMn and MnPd epitaxial bilayers [5,7,8]. The
switching behavior of the epitaxial Co/CoO system has also
been studied using anisotropic magnetoresistance [9] and x-ray
magnetic circular/linear dichroism [10]. Only fully epitaxial
stacks allow for maximum control of the properties, and using
more advanced compounds has been suggested as these can
exhibit a range of exciting properties [11], such as high spin
polarization, which is needed for spintronics devices [12].
Thus, there is a clear need to study changes in magne-
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tization switching processes due to the magnetocrystalline
anisotropy and the exchange coupling in complex high-quality
heterostructures with tailored properties.

A particularly exciting compound is the antiperovskite
nitride Co3FeN (CFN) as it is theoretically expected to
be a half-metallic ferromagnet (FM) with a negative spin
polarization [13]. Therefore, combining it with an antiferro-
magnet (AFM) as well as with a positive-spin-polarization
FM [14] is of great promise for spintronic applications.
CFN exhibits a fourfold magnetocrystalline anisotropy of
3.5 x 10* J/m? [15], which is smaller than for Fe (4.8 x 10*
J/m?) [16]. The antiperovskite nitride shows a multistep
hysteresis without any uniaxial anisotropy [17], allowing us to
compare the change in magnetization switching processes in
the presence or absence of an exchange coupling. The 6 phase
of MnN is a collinear I-type antiferromagnet with a high Néel
temperature of 640 K [18], where the spins align parallel
within the ab plane and alternate along the c-axis direction.
Since MnN does not contain rare metals but nevertheless
exhibits a high Néel temperature, MnN is considered to
replace typical AFMs such as IrMn and PtMn [19]. In
fact, large exchange bias has been reported in MnN/CoFe
polycrystalline bilayers even at room temperature [19].

Exchange coupling at the interfaces between FM and AFM
has been widely studied because of the general interest in
spintronic devices such as spin-valve-type magnetic memory
devices [20,21]. In addition, since AFM magnetic moments
can be controlled and detected via exchange coupling, this
approach has recently attracted much attention [22,23]. In
particular, the possibility of current-induced magnetization
switching of AFM spins was reported in CFN/Mn3;GaN
epitaxial bilayers [23]. Since the Néel temperature of Mn;GaN
is low (~280 K), similar studies using an AFM with a
much higher Néel temperature such as MnN are desired.
Revealing the magnetic properties of fully epitaxial CFN/MnN
bilayers is therefore an important step to generate novel
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spintronic devices using exchange coupling with a negative-
spin-polarized half-metallic FM at room temperature, which
is a key motivation for such studies. The principal features of
the exchange coupling such as the shift of hysteresis loops
(exchange bias) and the broadening of the coercivity are
well known [24,25], and the angular-dependent exchange bias
model has been well defined and performed for polycrystalline
bilayers [24,26,27]. However, there are few studies of fully
epitaxial bilayers [28,29], and in these studies anisotropies
have been small or neglected; thus, this additional degree of
freedom for tuning the switching has not been discussed.
On the other hand, systematic theoretical studies of the
competition between different anisotropies have been carried
out [30,31]. Therefore, to understand the interplay between
intrinsic static magnetocrystalline anisotropies and tunable
exchange bias leading to tailored switching, an in-depth study
of a fully epitaxial stack with both significant anisotropies and
exchange bias is needed.

In this work, we perform longitudinal and transverse
magneto-optic Kerr effect (MOKE) magnetometry measure-
ments to determine the magnetization switching process
and the angular-dependent exchange bias in fully epitaxial
CFN/MnN bilayers, where the magnetocrystalline anisotropy
and an exchange coupling compete. Multistep MOKE loops
were observed that corresponded to the magnetization switch-
ing between the different fourfold-symmetry easy axes. Com-
paring as-grown bilayers and those with field cooling (FC),
we explore the change in the magnetization switching process
around the direction perpendicular to FC. By a numerical anal-
ysis based on the Stoner-Wohlfarth model using experimen-
tally determined magnetocrystalline anisotropy and exchange-
coupling terms, we determine the angular-dependent exchange
bias that qualitatively reproduces the experimental results.
These results could provide a route to understanding exchange-
coupling phenomena of fully epitaxial bilayers when the
competition between the magnetocrystalline anisotropy and
an additional uniaxial anisotropy yields unusual magnetization
switching processes.

II. EXPERIMENTAL DETAILS

High-quality epitaxial CFN (5 nm)/MnN (30 nm) bilayers
with a Hf capping layer (3 nm) were fabricated by reactive
magnetron sputtering on MgAl, Oy substrates. MnN and CFN
were grown at 450 °C and 350 °C substrate temperatures,
using 40% N, + 60% Ar and 15% N, + 85% Ar gas mixtures,
respectively. The lattice mismatch is 11.8% between CFN and
MnN and 3.5% between MnN and MgAl, O, substrates. After
bilayer growth, we obtained the exchange bias by annealing
at 400 °C for 30 min while applying a field of 200 mT at
a base pressure of 3.0 x 10~ Pa and then cooling to room
temperature while applying a field of 200 mT. The applied
field was along the easy axis (110) of CFN. The crystal
structure was analyzed using both in-plane and out-of-plane
x-ray diffraction (XRD) measurements with Cu K « radiation.
The magnetic properties were characterized by vibrating
sample magnetometry and the magneto-optic Kerr effect in
longitudinal and transverse geometry, called Lo-MOKE and
Tr-MOKE, respectively. For MOKE magnetometry measure-
ments, we used two setups. Angular-dependent Lo-MOKE

PHYSICAL REVIEW B 94, 184412 (2016)

measurements were performed using ared (635-nm) low-noise
laser diode. The comparison between Lo- and Tr-MOKE
magnetometries was performed by Kerr microscopy. Both
MOKE magnetometry measurement types were performed at
room temperature.

III. RESULTS AND DISCUSSION

The XRD patterns of CFN/MnN bilayers are shown in
Figs. 1(a) and 1(b). As shown in Fig. 1(a), only the (00/)
CFN and (/00) MnN peak series exhibit Bragg peaks in the
out-of-plane XRD, which indicates that (001)-oriented CFN
grows on (100)-oriented MnN. In addition, the epitaxial growth
is confirmed by the results of the ¢-scan measurement, as
shown in Fig. 1(b), indicating that their epitaxial relationship is
CFN(001)[100]/MnN(100)[001]//MgAl,04(001)[100]. The
magnetic properties of the as-grown CFN/MnN bilayers are
shown in Figs. 1(c) and 1(d). The angular dependence of the
ratio of the remanent and saturation magnetization M, /M
of as-grown CFN/MnN bilayers is shown in Fig. 1(c). The
as-grown CFN/MnN bilayers exhibit clear fourfold magne-
tocrystalline anisotropy with the easy axis oriented along the
CFN(110) crystalline directions and the hard axis oriented
along the CEN(100) crystalline directions, which is consistent
with the case of only a single-layer CFN film [15]. The
hysteresis loop along the hard axis of the CFN/MnN bilayers
is shown in Fig. 1(d). To determine the magnitude of the two-
and fourfold magnetocrystalline anisotropy constants K, and
K of the CFN/MnN bilayers, we applied the Stoner-Wohlfarth
model [32] to fit the reversible part of the obtained hysteresis
loop along the hard-axis of the CFN/MnN bilayers in the
same manner as done before with only CFN thin films [15].
As shown in Fig. 1(d), the Stoner-Wohlfarth model allows
us to reproduce the reversible part of the hysteresis loop
assuming a fourfold magnetocrystalline anisotropy constant
K, of 33700 £ 250 J/m?, without any uniaxial anisotropy
contribution. The estimated value of K; is comparable with
that of only CFN (K| = 34 850 &+ 250 J/m?) [15]. We should
note that the exchange coupling might exist even in as-grown
bilayers [33,34]. Actually, some angles show small hysteresis
shifts (up to 1 mT), while most angles show almost zero
hysteresis shift (less than 0.2 mT), which is shown below in
Fig. 6(a). Since small hysteresis shifts seem to be random and
there is almost zero hysteresis shift of Fig. 1(d), we consider
only the CFN magnetocrystalline anisotropy and ignore the
contribution from any further exchange coupling.

Next, we turn our attention to the in-plane angular-
dependent Lo-MOKE loops. The Lo-MOKE loops were mea-
sured between 0° and 360° in steps of 5°. The normal MOKE
loops are observed around the fourfold easy (6 = 45°, 135°)
and hard axes (8 = 0°, 90°, 180°) in the case of as-grown
bilayers, as shown in Fig. 2(a). Multistep MOKE loops are
visible when the field is applied along an axis between the
easy and hard axes (for example, 6 = 10°-30°). The multistep
MOKE loops are present with a 45° periodicity, reflecting the
fourfold magnetocrystalline anisotropy. In the case with FC as
shown in Fig. 2(b), however, the fourfold crystalline symmetry
is broken along the direction perpendicular to FC (6 = 135°).
Although normal MOKE loops with shifts due to exchange
bias are observed along easy axis E1, which is parallel to
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FIG. 1. (a) Out-of-plane and (b) in-plane ¢ scans of CFN/MnN bilayers. (c) Angular dependence of M, /M, of as-grown CFN/MnN
bilayers. The solid line is estimated from the Stoner-Wohlfarth model using K; = 33700 J/m?. (d) Comparison of the magnetic hysteresis loop
reversible part along the hard axis [100] with the model. The inset shows the magnetic hysteresis loop along the hard axis [100].

FC (6 = 45°), and hard axes (6 = 0°, 90°, 180°), the other
easy axis, E2, which is perpendicular to the FC direction
(6 = 135°), shows multistep hysteresis. The multistep height
changes continuously from 90° to 180°.

In order to compare the magnetization switching process in
the presence and absence of FC, we performed Tr-MOKE mag-
netometry measurements as well as Lo-MOKE magnetometry
measurements. In both cases, the multistep Lo-MOKE loops
are clearly observed, and these steps show good agreement
with Tr-MOKE loops, as shown in Fig. 3. In the case of as-
grown bilayers, the convexities change during the field sweep
in Tr-MOKE loops; for example, at & = 100,110°, upward
and downward convexities [see Fig. 3(a), 100° green arrows]
are present during positive to negative and negative to positive
field sweeps, respectively. At 6 = 135°, there is no T--MOKE
signal. At 6 = 150°, 160°, 170°, the convexities are reversed
compared to the orientations from 6 = 100°, 110°; downward
and upward convexities are present during positive to negative
and negative to positive field sweeps, respectively. In the case
with FC, the same convexities are exhibited at & = 100°, 170°.
On the other hand, at 6 = 120°, 135°, 150°, only the down-
ward convexities are exhibited during both field sweeps.

According to the 90° domain wall nucleation and prop-
agation model, the multistep positions correspond to the

magnetization switching between two easy axes of the fourfold
anisotropy [1,4]. These 90° switching fields are expressed by
following equations [1,4]:

E1—>2 + Eeb + Ku,eb

Hgi, = .
El=E2 M;(sing — cosg)
Ei 4+ Eep + Kuyen
Hgipa = - ,
M;(—sing — cosg)
Ey 3+ Eep — Kuen
Hpy g3 = - )
M (—sing — cos¢)
H . E4—>3 + Eeb - Ku,eb (1)
BB M;(sing — cos¢)
Es 4 — Eep+ Kyen
Hg3pa = - ,
M (—sing + cos¢)
o _Es o —Egp+ Kyep
E3=E2 ™ 0 (sing + cos)
I _ Esi—Eep — Ky ep
Ea=El M, (sing + cos¢)
Er .1 —E.p — K
HE2—>EI _ 2—1 eb u,eb
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FIG. 2. Series of angular-dependent Lo-MOKE loops (a) in the as-grown case and (b) with FC. The top panels show the experimental

configuration.

where Hg_ g, and E|_, are the switching field and the
domain wall nucleation energy from easy axis E1 to easy
axis E2 as assigned in the top panel of Fig. 2(b), respectively,
E,;, is the unidirectional anisotropy due to exchange coupling,
K, .x is the uniaxial anisotropy along the FC direction,
M; is the saturation magnetization, and ¢ is the applied
field orientation from the easy axis E1 (¢ =6 + 45, 0 is
defined in Fig. 2). The step positions (open circles) and
model fitting results using Eq. (1) (solid lines) in both the
presence and absence of FC are shown in Fig. 4. In the case
of as-grown bilayers shown in Fig. 4(a), the additional step
positions exhibit a clear fourfold symmetry, reflecting the
magnetocrystalline anisotropy. The additional step positions
are reproduced by Eq. (1), without any exchange-coupling
contributions, whereas the main step positions corresponding
to the coercive field H, are not reproduced well. In the case with
FC, on the other hand, angular-dependent step positions do not
exhibit fourfold symmetry, indicating the broken symmetry of
fourfold magnetocrystalline anisotropy, as mentioned above.
Taking into account the exchange-coupling contributions,
all step positions can be reproduced well. Comparing the
presence and absence of FC, the magnetization switching

processes are the same at & = 0°-90° and 180°-270° except
for the lack of the E2— E1 jump that occurs with FC. At
6 = 90°-180° and 270°-360°, the magnetization switching
processes are not the same, and these results are consistent with
the change of convexity in the Tr-MOKE loops, as shown in
Fig. 3.

In Fig. 5 we summarize the change in the magnetization
switching process, as well as show the Lo- and Tr-MOKE
loops around the direction perpendicular to FC (at 6 = 110°
for the case of as-grown bilayers and at & = 120° for the case
with FC). As already shown in Fig. 3, the Tr-MOKE loop
at & = 110° of as-grown bilayers shows the upward and the
downward convexities between field sweeps in Fig. 5(a). When
the field is swept from positive to negative (from negative to
positive), the magnetization switching follows the following
process, as shown in Fig. 5(b) [Fig. 5(c)]:

(1) The saturation magnetization follows the applied field
direction.

(i1) The magnetization rotates towards the nearest easy axis
E2 (E4) continuously without a jump in the MOKE loop.

(iii) The magnetization jumps in a direction close to the
other easy axis E3 (E1) from E2 (E4).
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FIG. 3. Comparison between Lo- and Tr-MOKE loops (a) in the as-grown case and (b) with FC around the direction perpendicular to FC.
Measurement angles are the same as those in Fig. 2. The arrows at 100° in (a) indicate upward and downward convexities of the Tr-MOKE

loop.

(iv) The magnetization jumps to a position close to the other
easy axis but along the opposite direction E4 (E2) from E3
(E1).

(v) The magnetization finally rotates towards the applied
field direction without a jump in the MOKE loop.

The magnetization switching process follows different
paths for sweeping the field up or down in the case of as-grown
bilayers. On the other hand, the Tr-MOKE loop with FC
shows only downward convexities between both field sweeps
in Fig. 5(d), showing a qualitatively different behavior. The
magnetization switching processes are similar to those in the
case of as-grown bilayers, but the magnetization switching
processes follow the same path between both field sweeps,
as shown in Fig. 5(e) and 5(f). These results indicate that
the magnetization switching via E1 is energetically favored
over magnetization switching via E3 around the direction
perpendicular to FC due to the unidirectional anisotropy field
resulting from the interfacial uncompensated spins aligned
along E1 [3,5]. It is noted that the same feature appears
around 6 = 315°. In case of the uniaxial anisotropy induced
by oblique growth, E1 and E3 are energetically equivalent,

so that the change in the magnetization switching process
does not occur [1,2], showing a clear difference from the
observed behavior here. This fact demonstrates the impact
of an exchange bias that governs the magnetization switching
process.

After clarifying the magnetization switching process of
fully epitaxial CFN/MnN exchange-coupled bilayers, we
finally turn our attention to their angular-dependent exchange
bias. Figure 6(a) shows the angular-dependent exchange bias
of CFN/MnN exchange-coupled bilayers obtained from Lo-
MOKE loops. The exchange bias shows some steps occurring
approximately every 45°. Then, the exchange bias shows an
abrupt sign change in the direction perpendicular to the FC
(60 = 135 and 315°). For the polycrystalline exchange-coupled
bilayers, the angular-dependent exchange bias shows the
maximum along the FC direction and gradually decreases
towards the direction perpendicular to FC. It then changes
its sign continuously after the direction perpendicular to
FC [24,26,27]. Since there is no magnetocrystalline anisotropy
in polycrystalline bilayers, the observed angular-dependent
exchange bias is considered to highlight the importance of the
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competition between magnetocrystalline anisotropy and the According to recent theoretical studies, the free energy of
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where 6 is the magnetization angle from the applied field
direction; 6, ., 6., and O ¢ are the angles between the uniaxial
anisotropy and applied field direction, between the fourfold
magnetocrystalline anisotropy and applied field direction, and
between the FC and applied field direction, respectively; and
JE is the exchange-coupling constant [30,31]. The uniaxial
anisotropy can be caused by noncollinear FC or interfacial
frustration [35,36]. The direction of uniaxial anisotropy
depends on the ratio between FM anisotropy and AFM
anisotropy, and its direction is from the FC direction to the
direction perpendicular to the FC [35]. To determine the
uniaxial anisotropy direction, we calculate the Tr-MOKE loops
for three different configurations (the angles between uniaxial
anisotropy and the FC direction 6, ., — 0rc = 0°, 45°,90°),
as shown in Fig. 6(b). Here, we use the anisotropy constants
determined from the switching position fitting, as shown in
Fig. 4(b). When the uniaxial anisotropy is parallel to the
FC direction, since the ratio E|_,, : E., : K, ., 1S obtained
as 7.5:3.5:1 from the fitting results of Fig. 4 and E;_,,
and E,., can replace K| and Jg/tp, respectively [5], Jg/tp
and K, ., can be determined from the K; value as ~16
and ~5 kJ/m?, respectively. When the uniaxial anisotropy
is perpendicular to FC, the signs of K, ., terms in Eq. (1)
are reversed. Then, in the same manner, Jg/tF and K, ., can
be determined from the K; value as ~14 and ~4.3 kJ/m3,
respectively. On the other hand, when the uniaxial anisotropy
is 45° from the FC direction, we cannot determine the uniaxial
anisotropy constant from the switching positions because there
is no or a much smaller contribution to the magnetization
switching position in the 90° domain wall nucleation and
propagation model. Therefore, we use the anisotropy constants
in the case of the parallel-to-FC configuration in Fig. 4(b).
Although the magnetization switching processes at 135° are
the same between the three different configurations as shown
in Fig. 6(b), the switching behaviors of the other angles are
quite different. Compared with the experimental Tr-MOKE
loops shown in Fig. 3(b), the 6, ., — Orc = 90° configuration
shows better agreement with experimental Tr-MOKE loops
than the 6, ., — 0pc = 0° and 45° configurations. This fact
might indicate that the MnN anisotropy is much larger than
CFN [35]. The same 90° configuration was observed in
Fe/FeF, epitaxial bilayers [37]. Recent theoretical studies take
into account the uniaxial anisotropy but consider only a fixed
configuration [30,31]. Our results imply the importance of the
uniaxial anisotropy direction induced by noncollinear FC or
interfacial frustration [35,36].

The calculated angular-dependent exchange bias for 6, ., =
90° is shown in Fig. 6(a), along with the experimental
result. The calculations reproduce the experimental results
well, except for the angles between 0° and 45° and between
180° and 225°. One possible cause of this inconsistency
for the angles between 0° and 45° and between 180° and
225° are the different magnetization switching processes.
Comparing the calculated hysteresis loops with experimental
Lo- and Tr-MOKE loops, as shown in Fig. 7(a), the multistep
hysteresis loops at & = 60° and 135° are qualitatively well
reproduced by the presented model. At 8 = 15°, however,
although the experimental Lo- and Tr-MOKE loops show
the multistep on both the positive and negative field sides,
the calculated loops show the multistep only on the negative
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FIG. 6. (a) Comparison of angular-dependent exchange bias
H,, with the model using K; = 33700 J/m3, Jg = 14000 J/m3,
K, =430017] /m3, and 6, ., = 90°. (b) 0,..x-dependent calculated
Tr-MOKE loops of various applied field angles around the direction
perpendicular to FC using K| = 33700J/m?, Jz = 16000J/m?, and
Ky.ex = 5000 J/m? for 6, .. = 0° and 45° and K; = 33700 J/m?,
Jg = 14000 J/m?, and K,, ., = 4300 J/m? for 6, ., = 90°.

field side, indicating that the magnetization switching pro-
cess is different. These results indicate that we succeeded
in determining the magnetocrystalline anisotropy and the
exchange-coupling terms with the 90° domain wall nucleation
and propagation model to reproduce the angular-dependent
exchange bias as well as hysteresis loops, but we should take
into account other complex anisotropies due to spin disorder
at the FM/AFM interface, AFM anisotropy, and/or rotatable
interfacial uncompensated spins [24,27]. The other possible
cause is the domain nucleation. Since the Stoner-Wohlfarth
model is a single-domain model designed for describing
magnetization switching in magnetic nanoparticles, a Stoner-
Wohlfarth model cannot describe the domain nucleation.
Actually, we observe such a 90° domain nucleation exhibiting
a multistep in the Kerr measurements, as shown in Fig. 7(b).
The Kerr microscopy imaging shows spins aligned along the
E?2 direction (single domain) at the positive saturated field.
In the first step (H ~ —2.7 mT), the 90° domain nucleates
where the spins align along the E1 direction. Then, the 90°
domain propagates between two steps (H ~ —5.3 mT). In the
second step (H ~ —5.8 mT), the 90° domain nucleates where
the spins align along the E4 direction. Finally, the 90° domain
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FIG. 7. (a) Comparison of experimental and calculated Lo- and Tr-MOKE loops. Experimental results are normalized by maxi-
mum/minimum signals. (b) Domain structures during positive to negative field sweep at & = 135° obtained at the Lo-MOKE setup, where

arrows indicate the relative orientations of the magnetization.

wall propagates and becomes a single domain. While domain
nucleation can explain some of the discrepancies between
model calculations and experiment, our model calculation of
the angular dependence of exchange bias reproduces a trend
similar to that in the experimental results for a large range of
angles, showing that coherent rotation dominates in this range.
Therefore, our results demonstrate that the interplay between
the magnetocrystalline anisotropy and the additional uniaxial
anisotropies plays an important role in the angular-dependent
exchange bias as well as the magnetization switching process.

IV. CONCLUSION

We performed Lo- and Tr-MOKE magnetometry measure-
ments that allowed us to clarify the magnetization switching
process and the angular-dependent exchange bias of fully
epitaxial CFN/MnN bilayers, where the fourfold magnetocrys-
talline anisotropy and the tunable unidirectional anisotropy due
to exchange coupling compete. The magnetization switching
process of these bilayers can be reproduced by combining a
Stoner-Wohlfarth model and a 90° domain wall nucleation and
propagation model. We found a major qualitative difference
in the magnetization switching processes in the presence
or absence of FC, indicating the influence of the tun-
able exchange coupling competing with the growth-induced
magnetocrystalline anisotropy. By performing a numerical
analysis taking into account the experimentally determined

magnetocrystalline anisotropy and exchange-coupling terms,
we clarified the direction of the uniaxial anisotropy caused
by noncollinear FC or interfacial frustration along a direction
perpendicular to the FC. Finally, we calculated the angular
dependence of the exchange bias, reproducing the experimen-
tal results for a large range of angles. These results provide
profound insight into exchange-coupling phenomena in fully
epitaxial bilayers and a guide to potential applications in the
field of spintronics using advanced materials with possible
half-metallicity combined with exchange coupling.
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